Using computer simulations, we demonstrate an optical cascadable AND gate based on soliton interaction in a fiber Bragg grating. A single soliton that is launched into the device is backreflected. When two solitons are launched, one of the solitons is transmitted while the other is backreflected. The time delay between the solitons may be few times longer than the duration of the solitons. We show that the interaction causes an increase in the frequency of one of the solitons that enables its transmission through the grating bandgap. © 2007 Optical Society of America OCIS codes: 050.2770, 060.4370, 060.5530, 060.2340, 230.1150 Optical logic devices in fibers can increase the speed of data processing beyond the speed obtained in similar electronic systems. Devices based on soliton interaction are attractive, since the pulses at the output of the device remain solitons. Hence several devices can be interconnected to provide high functionality. Optical gating based on the soliton-dragging effect has been previously demonstrated and analyzed. 1-3 Because of the low group-velocity dispersion in fibers, the typical device length is of the order of tens of meters.
Optical logic devices in fibers can increase the speed of data processing beyond the speed obtained in similar electronic systems. Devices based on soliton interaction are attractive, since the pulses at the output of the device remain solitons. Hence several devices can be interconnected to provide high functionality. Optical gating based on the soliton-dragging effect has been previously demonstrated and analyzed. [1] [2] [3] Because of the low group-velocity dispersion in fibers, the typical device length is of the order of tens of meters.
Bragg or gap solitons are solitary waves that propagate in fiber Bragg gratings 4 (FBGs). The central frequency of such solitons may be located within or close to the grating bandgap. Owing to the high dispersion that can be obtained in gratings, the interaction between solitons can be obtained on length scales of centimeters, more than 2 orders of magnitude shorter than required in standard fibers. In a previous work, self-optical-switching in FBGs based on soliton formation has been demonstrated. 5 An optical AND gate based on interaction between two coupled orthogonally polarized solitons in birefringent FBG has also been demonstrated theoretically and experimentally. 6, 7 The device requires that two orthogonally polarized pulses be launched at the same time to form a coupled gap soliton with about twice the power of a single soliton. The high power of the coupled gap soliton shifts away the bandgap because of the Kerr effect and allows the soliton to be transmitted through the device. An interaction between pulses in FBGs has been also used in previous work to theoretically demonstrate efficient gap soliton formation. 8 The interaction allowed a single soliton to be transmitted even when multiple pulses were formed due to the modulation instability effect.
In this work we propose to use the interaction between two gap solitons in a FBG to obtain an AND gate. A single soliton that is launched into the device is backreflected. However, when two solitons are launched, one of the solitons is transmitted while the other soliton is backreflected. Unlike the device reported in Refs. 6 and 7, the proposed device operates with solitons that have the same polarization, and hence it does not require using polarizers. We show that our device is based on a soliton interaction that increases the frequency of one of the solitons and hence enables its transmission through the grating bandgap. This effect does not require that the input solitons be launched at the same time, as was needed in previous work, in order to strongly shift the bandgap frequency.
6,7 Therefore we show that an AND operation is obtained even when the two solitons remain well separated along the whole device.
The device, made of a chirped FBG, is divided into three regions as shown in Fig. 1 . In region I the chirp of the grating is used to slow down the soliton velocity.
9,10 When a single soliton enters the device, it is backreflected. When two solitons are launched, the spatial distance between the solitons decreases, and a strong interaction is obtained in region I. The frequency of one of the solitons is increased above the Bragg region of the grating, and hence it is transmitted through the device. The frequency of the other soliton is decreased, and hence it is backreflected. Region III is used to obtain an output soliton with parameters similar to those of the input soliton. The chirp in this region has the same magnitude but has a sign opposite to that in region I. Our simulations show that there is a need to add another uniform grating region II. Without this region, when a single soliton propagates at the end of region I, its tail penetrates into region III, where the chirp changes its sign, compared with that in region I. Therefore the tail of the pulse can be transmitted through the device, while the remaining part of the pulse is backreflected. The propagation of pulses inside a FBG can be analyzed by using the coupled-mode equation
where u ± is the slowly varying amplitude of the forward ͑+͒ and the backward ͑−͒ propagating waves, ͑z͒ is the chirp parameter, is the grating amplitude, ⌫ is the nonlinear coefficient, V g = c / n eff is the fiber group velocity, and n eff = 1.45 is the effective refractive index. We solve the coupled-mode equations by using the method described in Ref. The input solitons had a full width at halfmaximum (FWHM) of 18.85 ps and a peak power of 3.02 kW. The frequency offset of the input soliton relative to the local Bragg frequency at the grating entrance was equal to 297.48 GHz, and hence the input soliton was located outside the grating bandgap. By using the slow propagation velocity of pulses in FBGs, the required input solitons may be formed from input pulses with a peak power of only 340 W and a FWHM of 640 ps. 8 The results of the simulation, shown in Fig. 2 demonstrate that the device functions as an AND gate. The switching ratio, defined as the ratio between the output energy when two solitons are launched and the energy when only a single soliton is launched, was about 65 dB. Figure 2 also shows that the transmitted and the backreflected pulses experience oscillations in their amplitude, as was observed in previous work. 9, 10 We have verified that the transmitted pulse could be used as an input wave to a second cascaded AND gate. To check the stability of the pulse after it propagates through two gates, we simulated the propagation of the output pulse through additional 30 cm long uniform grating. We have found that the pulse maintained its hyperbolic-secant profile and that the amplitude of the oscillations in the pulse intensity was approximately 200 W.
The minimal spatial separation between the peaks of the two solitons during the interaction, shown in Fig. 2(b) , was about 1 cm, while the FWHM of the input solitons was equal to 0.39 cm. Therefore we could separately study the parameter evolution of each of the pulses. The energy Q and the normalized velocity ṽ of the pulses can be calculated by using the moments 9,10
The integration was performed for each pulse separately over a spatial window that was equal to about 3.5 of the spatial FWHM of the input solitons. We have verified that during the interaction the two pulses maintained their hyperbolic-secant profiles in region I of the grating. Therefore we used the connections for solitons and v = ṽ, where ͑␦ , v͒ are the soliton parameters as defined in Ref. 4 . The frequency shift of the soliton relative to the local Bragg frequency is given by ⍀ = ͑1−v 2 ͒ −0.5 cos͑␦͒V g . 4 The absolute shift in the soliton carrier frequency is equal to ⌬f = ⍀ − ͑z͒V g − ⍀ 0 , where ⍀ 0 is the initial detuning of the soliton relative to the local Bragg frequency. The frequency shift as a function of the soliton's location when a single soliton is launched and when two solitons are launched is shown in Fig. 3 . Figure 3 shows that the interaction between the solitons changes their frequencies. During the interaction the frequency of the forward soliton at the entrance to region II is about 0.2 GHz higher when two solitons are launched than in the case when only a single soliton is launched. The increase in the forward soliton frequency enables its transmission through region II of the grating. To verify that the change of 0.2 GHz in the soliton frequency can transmit the forward soliton through the grating, we simulated the propagation of a single soliton through the grating for several different initial central frequencies. We found that when the initial central frequency of the soliton, shown in Fig. 2(a) , was in- creased by more than 0.05 GHz, the soliton was transmitted through the grating.
The interaction depends on the relative phase between the two solitons. Figure 4 shows the interaction when the relative phase was increased by compared with the case shown in Fig. 2(b) . Depending on the relative phase, the interference between the solitons may increase or decrease the intensity in the spatial region between the pulses. Hence the bandgap in that region may be shifted toward or shifted away from the solitons carrier frequency because of the Kerr effect. In the first case the solitons experience a repulsive force, leading to the frequency and velocity increase for the forward soliton and decrease for the trailing soliton. Hence the two solitons remain separated as shown in Fig. 2(b) . In the second case the solitons attract each other. Hence the frequency and the velocity decrease for the forward soliton and increase for the trailing soliton. Therefore the two solitons overlap in time during the interaction, and the trailing soliton is transmitted through the grating, as shown in Fig. 4 . We have simulated the device behavior for ten different relative phases between the input solitons, , that were uniformly distributed in the region ͓0,2͔. We found that although the waveforms evolved differently during the interaction, a single soliton was backreflected, while when two solitons were launched, one of the solitons was transmitted. The transmitted pulse had an hyperbolic-secant profile with an energy that varied between 0.95 of the input soliton energy for = 1.8 rad and 1.05 of the input soliton energy for = 5.6 rad.
We also analyzed the sensitivity of the AND gate to changes in the input wave parameters. We found that an AND operation is obtained if the initial spatial distance between the two solitons is smaller than about ten times the spatial FWHM of the solitons. The maximal required distance between the input solitons determines the maximal switching rate of the gate. By redesigning the grating and reducing the length of the first grating region to 0.97 cm, the maximal separation between the solitons was reduced to approximately five times the spatial FWHM of the solitons. A further enhancement in the switching rate can be achieved by using shorter pulses and redesigning the gate structure accordingly. To check the sensitivity of the gate to input power, we reduced the peak power of the input pulses by 20% compared with the peak power of the pulses used in Fig. 2 . We found that the AND operation of the device was maintained and the switching ratio was about 12 dB. The carrier frequency of the input solitons could be changed in the region ͓−150, 50͔ MHz compared with the carrier frequency used in Fig. 2 . When two gates are cascaded, the bandgap of the second gate should be slightly upshifted compared with that of the first gate in order to take into account the frequency change of the soliton transmitted from the first gate, as seen in Fig. 3 .
In conclusion, using computer simulations we have demonstrated an optical AND gate based on soliton interaction in FBGs. We have shown that the gate operation is based on a change in the soliton frequency as a result of soliton interaction. Shapira's e-mail address is yuvalsh @tx.technion.ac.il. 
